The approach is based on an experimental set-up in which coated surface of the specimen was exposed to high temperature environment and inner metal surface was cooled by flowing air, simulating the actual gas turbine applications. The 8% yttria-stabilized zirconia coating was made by plasma spray method on a cylindrical specimen. This arrangement could be set-up in a laboratory. By measuring the overall thermal resistances of specimens, it has been shown that the thermal conductivity of the coating segment can be determined by the differences in thermal resistances of two specimens with and without coating. The objective of the present work is to extract the thermal conductivity of the thermal barrier coating under the condition that is nearly the same as the actual application. The effective thermal conductivities of coatings found to be 0.11 to 0.16 W/mK, while those measured by laser flash method in literature varied from 1 to 1.4 W/mK.
Introduction
Thermal barrier coatings (TBCs) used for a turbine blade are usually made of 8% yttria-stabilized zirconia (8YSZ) due to its low value of the thermal conductivity. The underlying metal can operate at a lower temperature due to the temperature drop across the YSZ coating. 1) In general, the thermal resistance, or specifically, the thermal conductivity of the TBC is an important parameter that is often considered in the design of the gas turbine blades.
The laser flash method is widely used to determined thermal conductivity because of its simplicity and rapidity. 2) This involves the determination of thermal diffusivity, specific heat and density independently. Thermal conductivity is then given by the product of thermal diffusivity, specific heat and density. There can be a number of issues concerning the measurement of thermal diffusivity. One of the problems is that thermal diffusivity measurements may be inaccurate due to the transparency of coatings at high temperature. To minimize this problem, thermal diffusivity of TBCs is usually determined after depositing a carbon black coating to reduce the effect of transparency of the coatings.
3) Secondly, in the actual gas turbine applications, the coating is partially transparent at the operating temperature which is usually in the range of 9001000°C. In addition to heat transfer by conduction (phonon transport), radiation (photon transport) would be expected to contribute significantly to the overall heat transfer. 46) Since radiation is invariably a part of the overall heat transfer in gas turbines, it may be more appropriate to measure the thermal conductivity of selected TBCs under the condition that are nearly the same as the gas turbine engine application.
The approach is based on an experimental set-up in which the coated surface of a specimen is exposed to a high temperature environment and heat is extracted from the other side of a specimen by flowing air. By measuring the overall thermal resistances of specimens, it has been shown that the thermal conductivity of the segment of coating can be determined by the differences of thermal resistances between coated and uncoated specimens.
Experimental Procedure
Figure 1(a) shows the experimental setup device. A threezone resistance heating furnace was used in this experiment. The threaded ends of the specimen were protected by insulating bricks in order to minimize heat loss in the axial direction of the specimen.
Two thermocouples were placed inside specimen passing through the stainless steel tubes. Their tip-to-tip distance was 50 mm in order to measure the inlet and the outlet temperatures of air flowing through the specimen as shown in Fig. 1(b) . Temperature of the specimen surface was measured by another thermocouple mounted at specimen mid-length. 
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For this purpose, the thermocouple was bonded using the quartz cement (Thermal American Fused Quartz Co.) made by mixing 25% filler (powder) and 75% binder (liquid).
The quarts bond provided a sound contact between the thermocouple and the specimen surface. The measurements were made at every 100°C increment from 200 to 1000°C on the basis of furnace temperature settings and duration time at each temperature step was about 3 h to ensure steady-state heat transfer condition. Coated and uncoated specimens were prepared for the present study. The coated specimen had 2 mm thick of TBC on AISI 304 stainless steel cylindrical substrate. Prior to the deposition of these coatings, the 304 stainless steel cylindrical substrate having the 11.875 mm outer diameter was selected. Then, plasma spraying was performed to deposit a coating of 2 mm thickness using 8YSZ (Metco 204NS; average particle size: 2 µm) such that the total diameter was 15.875 mm. For the uncoated specimens, the 304 stainless steel cylindrical substrate of the 15.875 mm outer diameter was selected.
The specimen-tube arrangement was rigid even at high temperature, since the thermal expansion coefficient of specimen, caps, and tube were identical. In gas turbines, the turbine blades are internally cooled by circulating air through the pathways inside the blade. This mode of heat extraction is closely simulated by the present study.
Results and Discussions
Figures 2(a) and 2(b) show the microstructures of coating in as sprayed and as etched conditions, respectively. The splat boundaries revealed after etching the coating. To examine the splat interfaces, the coating was etched for about 1 h in a solution of 85% H 3 PO 4 at 100°C. The splat boundaries are formed by impaction and rapid solidification of the melted particles during plasma spraying. The coating made by plasma spray shows generally inhomogeneous microstructure including elongated splats with poor bonding as well as pores or voids. Those defects within coating layer can contribute reducing the thermal conductivity.
The amount of extracted heat by air flowing through specimen depends on the velocity of air flowing.
7) The mass flow rate of air-in was kept constant as 7.85 © 10 ¹4 kg/s throughout the present research. Figure 3 shows the temperatures of air-in (T in ) and out (T out ) flowing inside the specimens, as well as the temperatures of the specimen surface (T surf ). It is seen that the temperatures of air flowing through the coated specimen are lower than those through the uncoated specimen at the given furnace temperature, suggesting that the air temperature flowing inside the coated specimen tends to be less affected by the furnace temperature. This trend becomes more apparent at the higher furnace temperature. Also, the surface temperature of the coated specimen (T surf ) is higher than that of the uncoated specimen due to the fact that the coated specimen was more heat resistive and retarded heat transfer. The accumulated heat in the furnace atmosphere affected the specimen surface temperature. The overall thermal resistance can be calculated based on the idea that T out , T in and T surf varies depending on the existence of the coating layer.
The heat flux, Q, in the radial direction of the cylindrical the bulk specimen is equivalent to the amount of heat extraction in the axial direction by flowing air inside the specimen. This is given by
where _ m is the mass flow rate (Kg/s), C p is the specific heat of air (J/Kg·K), and "T air is the temperature difference (K) between air-in and out inside the specimen. The amount of heat extraction by flowing air directly proportional to the temperature differences between air-in and out under the constant mass flow rate of 7.85 © 10 ¹4 kg/s. In Fig. 4 , the heat flux across the coated specimen was reduced by up to Assessment of the Thermal Conductivity of Yttria-Stabilized Zirconia Coating40% comparing to the level of the uncoated specimen at the furnace temperature up to 1000°C.
Thermal barrier coating affected the temperature gradient across the specimen. Temperatures at the inside and outside surfaces of the cylindrical specimen are closely related to the amount of heat extraction. In the view of that point, the overall thermal resistance between the outside surface of specimen and the flowing air inside specimen can be more effective to characterize the contribution of thermal barrier coating. The overall thermal resistance can be estimated from the amount of heat extraction and the temperature gradient. The overall thermal resistance, R, was expressed by the following equations
where T surf is the surface temperature of specimen and T air is the average air temperature of flowing air inside specimen (average of T in and T out ). r i and r o are the inside and the outside radius of specimen, respectively. k i is the thermal conductivity of a specimen. h air is convection heat transfer coefficient of flowing air inside the specimen. It should be noted that the radiative heat transfer from heating element to coating surface was out of consideration for the present research, since the starting point of the thermal circuit issued for this thermal assessment was the coating surface but not the furnace atmosphere corresponding to a combustion chamber in practice of turbine. There is a degree of uncertainty in radiative heat transfer in the furnace atmosphere. Radiation becoming significant means of heat transfer at higher temperature depends on materials to be heat transferred, surface finish, thermal and physical properties of furnace atmosphere. However, data related to radiation are, unfortunately, sparse and unreliable, which precludes exact estimation of the surface temperature. Direct reading of the coating surface temperature for the present research is one of advantages of this experimental set-up design, which enable to neglect the radiative heat transfer to determine the thermal conductivity of 8YSZ coating. Therefore, the radiation term from heating element to coating surface was not taken into account for the present study.
For a cylindrical shell of length L and inner radius r, the area for heat flow is 2³rL. For instance, thermal resistance of 2.0 mm coating specimen at 1000°C of furnace temperature can be calculated flowing procedure, In Fig. 5 , the overall thermal resistances of the coated and uncoated specimens are shown with respected to the furnace temperature settings. The coated specimen had higher thermal resistance by factors of about 1.8. There is a benefit by adapting the concept of the overall thermal resistance. Heat transfer coefficient of convection can be calculated from various empirical correlations but those are different up to 20%. 6, 7) To ignore this uncertainty of the convective heat transfer of flowing air inside the specimen, the concept of the overall heat resistance can be used to calculate thermal conductivity without specifying each individual resistance.
To further assess the overall thermal advantage across thermal barrier coating, the specimen assembly consisting of 8YSZ, metal substrate and flowing air inside specimen was treated as a unit of composite cylindrical shell with combined heat transfer of convection and conduction. Figure 6 shows the schematics of the cross sections and the thermal circuits of the coated and uncoated specimens. The overall thermal resistance of a specimen is the sum of all the individual resistances in the series network according to the eq. (2). Thermal conductivities of coating can be estimated from the differences of two overall thermal resistances. The assumption is that individual resistance terms are not affected by the existence of coating layer. The comparison of the layer structures between the uncoated and 2.0 mm coating specimens are also exhibited in Fig. 7 . Dot line on the cross section of the uncoated specimen is nothing but imaginary line to distinguish the changed volume from stainless steel to 8YSZ. The changed volume of radius from 5.9375 to 7.9375 mm belongs to stainless steel substrate for the uncoated specimen, and then to 8YSZ coating for the 2.0 mm coating specimen. From Fig. 7 , the thermal resistances of the uncoated and 2.0 mm coating specimens can be considered as the sum of individual resistances in series given by (see eq. (2)). 
where L is the length of specimen for thermal analysis (0.05 m), h air is convection heat transfer coefficient of air flowing inside specimen. k ss and k 8YSZ are the thermal conductivities of stainless-steel substrate and 8YSZ coating, respectively. Subtracting eq. (3) from eq. (4):
It can be counted as the difference of the thermal resistances between stainless steel and 8YSZ in the volume of radius from 5.9375 to 7.9375 mm.
Thereby, the effective thermal conductivity of 8YSZ coating, k 8YSZ , can be estimated from the difference of the overall thermal resistances, R coated and R uncoated .
The thermal conductivities of 304 stainless steel in literature, 6, 9) k ss , increases with increasing temperature from 16.2 W/mK at 100°C to 27.6 W/mK at 1000°C as shown in Fig. 8 . For each of the furnace temperatures 200, 300+1000°C, k 8YSZ can be estimated according to eq. (6), based on the temperature dependence of k ss in Fig. 8 . For instance, at 1000°C of the furnace temperature, R coated and R uncoated were 14.83 and 7.94 K/W, respectively in Fig. 5 , and k ss at 1000°C was 27.6 W/mK in Fig. 8 . k 8YSZ at 1000°C was determined as 0.13 W/mK. It should be noted that for this calculation, the use of k ss at 1000°C which is larger k ss , may lead to larger k 8YSZ according to eq. (6), which means overestimation of k 8YSZ , or underestimation of R 8YZ .
For the convenience of thermal assessment in this study, k ss was assumed to be the same for both the coated and uncoated specimens. However, the k ss for the coated specimen is smaller than that for the coated one at the given furnace temperature, since the inner part of substrate (r < 5.9375) of the uncoated specimen was at the higher temperature than that of the coated one. Nevertheless, due to the fact that the effect of the k ss (r < 5.9375) difference between the coated and uncoated specimens on the k 8YSZ is small enough to be ignored, that assumption for the derivation of eq. (6) is fairly reasonable. In the same way at 200°C of furnace surface temperature, the k ss at 200°C in Fig. 8, 18 .0 W/mK, was used for the calculation of k 8YSZ . Since R coated and R uncoated were 13.7 and 5.3 K/W respectively, and thereby k 8YSZ found to be 0.11 W/mK. All values of k 8YSZ were in a narrow range of 0.110.16 W/mK, suggesting that the thermal conductivity of 8YSZ was not much affected by the temperature changes up to 1000°C.
Although this research was originated based on the assumption that the corresponding individual resistances between eqs. (3) and (4) are not affected by the existence of coating, an affordable approach of the present research is worthy of showing thermal advantage in practice by applying TBC with respect to the same combustion temperature in gas turbine. Figure 9 shows the effective thermal conductivity of 8YSZ calculated from the coated and uncoated specimens in this Fig. 7 The comparison of the layer structures between the uncoated and 2.0 mm coating specimens. Fig. 8 Thermal conductivity of 304 stainless steel in literature. 6, 9) Assessment of the Thermal Conductivity of Yttria-Stabilized Zirconia Coatingwork as well as that of plasma sprayed ZrO 2 measured by laser flash method from literature. 10, 11) The effective thermal conductivity of 8YSZ of the present experiments varied from 0.11 to 0.16 W/mK, which is much smaller than that measured by laser flash method in literature by a factor of 0.10.2, though the specimens have the same microstructure made by plasma spray deposition.
As a fundamental approach to determine the thermal conductivity in literatures, 1215) Slifka et al. 12) used a oneside guarded hot plate technique based on ASTM C 177-85 standard test method 13) and found the effective thermal conductivity of 8YSZ made by plasma spray deposition was 0.610.63 W/mK. They also suggested that the straightforward measurement of thermal conductivity would eliminate some uncertainties in calculating thermal conductivity values derived from measurements of thermal diffusivity in laser flash method where thermal conductivity is given by the product of thermal diffusivity, specific heat and density. Since values of density and specific heat, often given for only a fixed temperature, laser flash method may not yield values for thermal conductivity with suitable accuracy.
12) The oneside guarded hot plate technique is a most common approach to measure thermal conductivity, besides to cylindrical apparatus method for the present research. Both are based on the steady-state technique maintaining a temperature difference across the 8YSZ via achieving a steady-state heat flux. However, a better one-dimensional steady-state heat transfer is assured by the concentric cylinder design by reducing heat loss from the edges.
Frank et al. also reported that a measurement of the effective thermal conductivity of 8YSZ was made by using a cylindrical apparatus consisted of an axial heat source surrounded by a packed bed of hollow 8YSZ. 14) They found that thermal conductivity of a powder compact of 8YSZ increased to 0.070.5 W/mK after sintering at 1307°C as also shown in Fig. 9 . The details on porosity level, or density after sintering were not provided in the literature whereas the plasma sprayed coatings for the present research has 13% porosity level. However, they are still thought to be worth comparing with each other, since both experimental approaches of the direct measurement were basically same which were based on the actual temperature drop across 8YSZ. The effective thermal conductivities determined by direct measurements tend to show relatively lower values than those by laser flash method.
By assuming 11.4 W/mK of thermal conductivity determined by laser flash method as literature, 9, 11) the thermal resistance of 2 mm coating layer alone, R 8YSZ , was 0.85 K/W from the following eq. (7), which suggests that its contribution was only about 6% to overall thermal resistance of 14.82 K/W at 1000°C of furnace temperature.
Individual thermal resistance of 2 mm coating layer is given by
Also, R 8YSZ of 0.85 K/W corresponds to 30°C temperature drop (¦T) across the 2 mm coating layer at 1000°C of furnace temperature. From this calculation, the contribution of coating is so negligible that there is no need to apply it for the thermal barrier purpose.
However, in the present experiment simulating the reality, thermal resistance of coating contributed approximately 47% to overall thermal resistance of 2 mm coating specimen. By taking 0.13 W/mK as the effective thermal conductivity of 8YSZ determined by the present study, R 8YSZ was 6.92 K/W and its contribution was about 47%, giving a 216°C temperature drop across the 2 mm coating layer. This analysis simulating the reality can be more reasonable because a significant increase of thermal resistance by applying TBCs was also observed by other researchers. 1, 7, 15) They also reported that the temperature of the metal can be reduced by a few hundred degrees, 1) by applying a TBC of 0.30.5 mm thickness to the hot side of the metal parts.
It should be noted that the estimated R 8YSZ for the present research could contain interfacial resistance between coating and substrate. If so, the contact resistance should be included in 47% that is the contribution % of R 8YSZ to the overall thermal resistance, R coated . That also might be one of the reasons to show low value of k 8YSZ in this research. Besides, the other resistances of the left 53% of the overall resistance were not clearly specified for the present study. Those could be from air flowing inside specimen and air layer on the coating surface.
Conclusions
An experimental device was set-up to determine thermal resistance and conductivity of 8% yttria-stabilized zirconia deposited by plasma spray method on air-cooled cylindrical specimen. In this experimental setup, one surface of the coating is exposed to a high temperature environment and heat is extracted from the other side by flowing air, simulating actual gas turbine applications.
Less heat was extracted across the coated specimen than the uncoated one. The overall thermal resistance between the outside surface of specimen and the flowing air inside specimen was estimated from the amount of heat extraction and the temperature gradient across the specimen. The effective thermal conductivity of coating could be estimated from the difference of overall thermal resistances. In this analysis, uncertainties including the convection terms of air flowing inside specimen and the air layer outside specimen could be ignored, while only conduction terms of stainless steel substrate and 8YSZ coating were taken into account for thermal analysis.
